ABSTRACT -CdTe solar cells are conventionally grown in superstrate configuration. However, the growth in substrate configuration offers more control of junction properties as recrystallization of CdTe and junction formation with CdS can be decoupled. In this paper the influence of various annealing treatment conditions of the CdS layer on its morphology and phase and on the device properties is presented. The presence of CdCl 2 during this annealing treatment is important for the phase change of the CdS layer to hexagonal wurtzite and for high efficiencies. A CdCl 2 treatment of the CdS at 360 °C improves the efficiency of the device without the adverse effect of pinhole formation in the CdS. CdTe solar cells in substrate configuration with more than 13% efficiency are achieved as a progress towards 14% efficiency.
I. INTRODUCTION
CdTe is one of the most attractive materials for production of low cost thin film solar modules. Conventionally, CdTe solar cells are grown in superstrate configuration. However, the growth in substrate configuration offers the possibility of choosing a variety of substrate materials including metal foils, which enable high-throughput roll-to-roll manufacturing. Furthermore, substrate configuration offers more control of junction properties as CdS is deposited after recrystallization of CdTe. This has several advantages for independent optimization of the electronic properties and the junction formation. In spite of these advantages, the growth in substrate configuration has so far resulted in significantly lower efficiencies than in superstrate configuration, typically well below 10% and a few examples crossing 10% efficiency [1, 2] .
An important processing step for the growth of CdTe solar cells is the junction formation. In superstrate configuration, the junction is formed during the CdCl 2 treatment of the CdS/CdTe layer stack, which also leads to the recrystallization of the CdTe and CdS layers. While this process is well established, the best junction formation process for substrate configuration is under debate. Various approaches were used for substrate configuration, e.g. a CdCl 2 treatment only after CdTe [1] [2] [3] , a CdCl 2 treatment of the CdTe-CdS layer stack [4] , or a CdCl 2 treatment after both CdTe and CdS [1, 3, 5] .
We obtain best performance with separate CdCl 2 treatments of the CdTe and CdS. This approach enables independent control over the recrystallization of the CdTe and the junction formation with CdS. We show that the presence of CdCl 2 is important during the annealing treatment of the CdS and that the oxygen content of the annealing ambient has to be controlled. Furthermore, we show that the addition of a second CdS layer after the annealing treatment of the first CdS layer improves open circuit voltage (V OC ) and fill factor (FF). Performing the CdCl 2 treatment at 360 °C improves the electronic properties without adverse effect on the microstructure of CdS. Substrate configuration CdTe solar cells with efficiency of more than 13% are produced.
II. EXPERIMENTAL
CdS/CdTe solar cells in substrate configuration were grown on Mo/MoO x covered Corning 7059 glass. In some cases a Te layer was added on top of the MoO x . CdTe was deposited by vacuum evaporation at 350 °C followed by a recrystallization and doping treatment [6] . CdS was deposited by chemical bath deposition (CBD). A CdCl 2 treatment of the CdS was performed by vacuum evaporation of 100 nm of CdCl 2 followed by annealing at different temperatures and oxygen contents of the annealing ambient as stated in the text. In some cases a second CdS layer was deposited by chemical bath deposition. A double layer of i-ZnO/ZnO:Al was deposited by sputtering followed by a Ni/Al grid and MgF 2 anti-reflection coating by electron beam evaporation.
The performance of the solar cells was measured with current density voltage (J-V) measurements under simulated standard test conditions in a sun simulator and quantum efficiency (QE) measurements were performed for spectral mismatch correction.
Scanning electron microscopy (SEM) images of the first CdS layer deposited on glass/Mo/MoO x /CdTe and annealed under different conditions were acquired with a Hitachi S-4800 operated at an accelerating voltage of 5 kV.
Samples for scanning transmission electron microscopy (STEM) were prepared by mechanical polishing of crosssections followed by Ar ion milling using a Fischione TEM ion mill 1050 employing the liquid nitrogen cooling option. STEM analysis was performed on a JEOL 2200FS TEM/STEM operated at 200 kV. Table I . Sample f is processed at 360 °C, 50% O 2 , with CdCl 2 .
In-situ X-ray diffraction (XRD) patterns were recorded using a PANanalytical XPert Pro MPD X-ray diffractometer. A 2θ scan was recorded with fixed grazing incidence angle of 3°. XRD patterns of a solar cell processed up to the first CdS layer were recorded at temperatures between 150 °C and 450 °C (10 °C steps, 1.5°C/min ramping speed) in an ambient containing 50% of oxygen. The experiment was performed both with and without a CdCl 2 layer on the CdS. Fig. 1 shows the top view SEM micrographs of CdS layers, which were deposited on the CdTe layer of solar cells in substrate configuration and annealed under different conditions. Table I shows the photovoltaic parameters of the corresponding finished devices. As-deposited CdS grown by CBD covers the CdTe layer with nanocrystalline sized grains (Fig. 1a) . Upon a CdCl 2 treatment at 400 °C and 50% of O 2 , the microstructure of the CdS layer significantly changes (Fig.  1b) : Grain size increases and pinholes are formed in the CdS layer. In spite of the pinhole formation in the CdS layer, the efficiency of the solar cells increases due to improvements in all photovoltaic parameters, especially V OC and FF.
III. RESULTS AND DISCUSSION
Even though the CdCl 2 treatment of the CdS increases efficiency, the pinholes in the CdS layer which occur upon CdCl 2 treatment are detrimental to device performance due to the direct contact between CdTe and ZnO. In order to cover the pinholes and to enable a covering CdS layer, a second CdS layer is grown after the CdCl 2 treatment of the first CdS layer. Even though this leads to increased parasitic absorption in the CdS window layer and therefore a reduced short circuit current density (J SC ), with the application of the second CdS layer V OC and FF are further increased. V OC well above 800 mV and FF above 70% are obtained (Table I) , leading to an increased efficiency of 12.2%.
We have varied the oxygen content during the CdCl 2 treatment of the CdS and have investigated its influence on the CdS morphology and the device performance. The oxygen content has a strong influence on the CdS morphology and changing the oxygen content from 50% to 30% or 80% leads to pronounced pinhole formation (Fig. 1c & d) . The efficiency is reduced to below 10% due to a reduction of V OC and FF. This shows, that oxygen content during the annealing treatment at 400 °C has to be well controlled in order to achieve a good morphology of the CdS with minimal pinhole density and to obtain high efficiencies. Grain growth is a typical influence of the CdCl 2 treatment and can lead to pinhole formation. In an attempt to avoid pinhole formation, a sample was identically processed as the device with 12.2% efficiency but without addition of CdCl 2 during the annealing of the CdS. SEM images confirm that this significantly reduces pinhole formation in the CdS (Fig. 1e) . In spite of the improved coverage, a low V OC of ~700 mV and a low FF of ~60% are obtained, yielding an efficiency of only 8.7% (Table I) .
It is possible that the annealing conditions of the CdS (temperature, oxygen content) need to be adapted for an annealing step without CdCl 2 . Therefore, we have produced several samples with varying annealing conditions of the CdS without addition of CdCl 2 . The highest obtained efficiency for a solar cell where the CdS was annealed without addition of CdCl 2 is 11.1% (799 mV, 61.2% FF, 22.8 mA/cm 2 ). This is obtained by reducing oxygen content to 10% while the temperature is kept at 400 °C. The lower oxygen content reduces oxidation of the CdS, while a reduced oxygen content is not needed when CdCl 2 is used, which protects the CdS layer from oxidation [7] . The efficiencies of cells processed without addition of CdCl 2 during the annealing treatment of the CdS always remained significantly lower than what we achieve with addition of CdCl 2 , especially due to a low FF<65% in samples without addition of CdCl 2 . Therefore, we conclude, that addition of CdCl 2 during the annealing treatment of the CdS is important for good device performance, especially to obtain high FF.
Even when no CdCl 2 is added to the aforementioned samples, a small amount of CdCl 2 due to residuals in the annealing oven cannot be excluded. A sample similarly processed as the aforementioned sample with 11.1% efficiency shows significantly lower efficiencies when the CdS annealing treatment is performed after removing all residual CdCl 2 from the annealing oven. This further emphasizes the importance of the presence of CdCl 2 during the annealing treatment of the CdS.
To investigate the influence of the presence of CdCl 2 on the crystallographic phase of CdS we have performed in-situ XRD measurements of a solar cell processed up to the CdS with and without using CdCl 2 (Fig. 2) . In the presence of CdCl 2 the phase of the CdS layer changes from cubic to hexagonal while the phase change does not occur when no CdCl 2 is present even when higher than usual annealing temperatures are used. The results suggest that recrystallization of the CdS layer to hexagonal phase is important to obtain high efficiency solar cells. In-situ XRD shows that above 400 °C various oxides are formed. The shift of the CdS (111) phase towards smaller angles upon annealing is attributed to oxygen loss from the hydro-oxygenated CBD grown CdS. The reduction of oxygen content in the CdS layer upon CdCl 2 treatment is confirmed with secondary ion mass spectroscopy measurements (not shown).
The in-situ XRD results furthermore show, that the phase change of the CdS, which accompanies the improved device performance already occurs at around 330 °C, which is significantly lower than typical CdCl 2 treatment temperatures of 400-420 °C commonly applied for CdTe solar cells in superstrate configuration. We have produced solar cells where the CdS layer was CdCl 2 treated at 360 °C. XRD measurements confirm that this temperature also enables the change of phase from cubic to hexagonal CdS. Furthermore as shown in Fig. 1f , the lower temperatures enable an improved coverage of the CdTe layer with hexagonal CdS compared to the application of 400 °C. Top view SEM images do not reveal a significant change in morphology of the CdS layer upon CdCl 2 treatment of the CdS at 360 °C. However, TEM shows grain growth of the CdS upon CdCl 2 treatment at 360 °C (Fig. 3) . The STEM image shows the double CdS layer between the CdTe absorber and the ZnO front contact. The first, CdCl 2 treated CdS layer exhibits grain size up to several 100 nm while the additional CdS layer exhibits nanocrystallites as commonly observed for CBD grown CdS. Fig. 4 shows the J-V and QE curve of a cell where the CdCl 2 treatment of the CdS is performed at 360 °C. An efficiency of 13.2% is obtained with V OC and FF as high as the internal record efficiency cell in superstrate configuration [8] , which is shown for comparison. It is also notable, that the rollover, which is generally very pronounced for CdTe solar cells in substrate configuration, is not observed for the cell with CdS bi-layer.
Even though the modified annealing treatment solves the structural problems of pinhole formation in the CdS, the second CdS layer is still required for highest V OC and FF. Fig.  4 shows the J-V and QE curves of a cell without second CdS which has 13.3% efficiency. Remarkable V OC and FF are reached, however the values are still lower compared to cells with CdS bi-layer. The presence of CdCl 2 during the annealing treatment of the CdS is crucial for highest performance and in-situ XRD reveals that the presence of CdCl 2 is needed to obtain a phase change of CdS upon annealing. Furthermore, all high efficiency devices, which were investigated by XRD, had hexagonal CdS. This could hint towards the important role of the hexagonal phase of CdS. However, XRD measurements of a high efficiency superstrate cell revealed cubic CdS. These results indicate that another effect accompanies the phase change of CdS, possibly the diffusion of elements or the modification of the CdS/CdTe interface, which lead to improved electronic properties. This will be discussed in future publications. The results of high V OC and FF of the cell with CdS bi-layer and the high J SC of the cell with single CdS (Fig. 4) suggest that efficiencies well above 14% should be achievable. However, the increase in J SC upon CdS thickness reduction was accompanied by a decrease in V OC and FF so far. In future we will test different approaches to achieve a reduction of CdS thickness without loss in V OC and FF.
III. SUMMARY & OUTLOOK
In conclusion, the influence of different processing conditions during an annealing treatment after deposition of the CdS layer on its morphology and phase as well as on the device properties is investigated. The presence of CdCl 2 during the annealing treatment of the CdS is important for a phase change of the CdS to hexagonal phase and for high efficiency solar cells. Oxygen content during this annealing treatment has to be well controlled to achieve good CdS morphology and for improved device performance.
Performing the CdCl 2 treatment at 360 °C leads to a phase change of the CdS without adverse effects on the coverage of CdS. CdTe solar cells in substrate configuration with more than 13% efficiency are achieved. In future publications the effect of the annealing treatment on electronic properties and diffusion of impurities will be further elaborated. Furthermore, we will test different approaches to reduce CdS layer thickness or to substitute CdS by alternative materials in order to further increase efficiency towards and beyond 14%.
